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Major Field: ELECTRICAL ENGINEERING 
 
Abstract: Libya is an oil exporting country located in the middle of the North Africa. Exporting oil 
is the major income resource for the economics of the country. Al-Zawea refinery is one of the oil 
refineries in Libya. It is the largest refinery in the region. The refinery is located on the 
Mediterranean coast. Electricity is the main enabler in the refinery to produce and export oil. The 
refinery experienced power fluctuations in the last few years due to its own power plant instability 
and frequency variants. This research discusses the aspects of upgrading the existing power system 
of the refinery by converting it from a traditional system to a smart system (Smart Grid) to 
overcome the technical power problem. Smart grid technology is very much in the forefront in the 
energy and power industry. Billions of dollars have been invested so far for smart grid 
implementation. The effective utilization of smart grid technology to achieve bi-directional power 
flow, integration of renewable energy sources, and improving the quality and reliability of power 
supply require suitable communication systems and sensors. Intelligent system requires sensing 
and switching technology to communicate with the electric grid. Integrating renewable energy 
resources to the system is a main feature of Smart Grid implementation. A portion of the power 
supply of the system will be derived from Wind Energy to feed the electricity into the refinery 
electric grid and ensure sufficient power for operation. Although, renewable energy application in 
Libya was started in the middle of the seventies, it has still not found its way into industry sector. 
This study employs earthier a wind speed analysis in the site (AL-Zawea City) using Raleigh pdf 
to model the wind speed which is the initial step to integrate wind with the existing grid. System 
with 25 buses has been used for simulation studies and implementation suggestions. Possible 
impacts of renewable (wind) energy system integration and its performance with the Al-Zawea 
refinery electric grid will be studied by load flow analysis using Newton Raphson method and 
Matlab software with PowerWorld. 
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It is well-known that Thomas Edison and Alexander Graham Bell were the key architects of the electric 
power and communication systems.  Electric power is one of the most important technologies in the 
twentieth century. The electric utility was born 1882 when the first electric power station, Pearl Street 
Electric Station in New York City, went into operation. The electric utility industry grew very rapidly 
and generation stations, transmission and distribution networks have spread across the entire country [1]. 
Around the beginning of the 20th century, there were over 4,000 individual electric utilities in the US, 
each operating in isolation. Almost all of those used low-voltage connections from nearby generating 
power plants to the distribution lines serving their local customers. As the demand for electricity grew, 
particularly in the post-World War II era, electric utilities found it more efficient to interconnect their 
transmission systems. In this way, they could share the benefits of building larger and, often, jointly-
owned generators to serve their combined electricity demand at the lowest possible cost, and to avoid 
building duplicate power plants. Interconnection also reduced the amount of extra capacity that each 
utility had to hold to assure reliable service. Recently or in fact in the last decade the digital revolution 
has increased the demand for higher quality of power and energy. There are more than 9,200 electric 
generating units with more than 1,000,000 megawatts of generating capacity connected to more than 
300,000 miles of transmission lines over the world [2]. The electric power grid of today has developed 
over a long time and many of its components have been operating beyond their 
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useful life. Most of the transmission lines are 25 years old or older, 70% of the power transformer are 
more than 25 years old and 30% of the circuit breakers are more than 30 years old [3]. The pressure on 
energy resources and the environment has been increasing because of the exponential growth in global 
economy, population and energy demand. Today transmission and distribution lines are owned by 
individual utilities. Electrical systems have been expanded and interlinked. The systems now provide for 
the transport of electricity on the transmission lines where buyers and sellers may be geographically 
spread apart. For instance, while the growth in demand for primary energy in East Asia is around 5% 
per year that for electricity is 7-8% per year. In China, power generation requirements are expected to 
almost double in 15 years, with much of this being met by nuclear. China intends a fivefold increase in 
nuclear power capacity by 2020 (from 2005 level) [3]. The world electricity consumption and its growth 
can be seen in Figure 1.1. 
 
Figure1.1: World electricity consumption [4] 
As seen in Figure 1.1, world electricity consumption is expected to double by 2050; plenty of GW of 
new power stations are needed to be in operation to fulfill the power demand. Based on environmental 
and climate change considerations, energy recourses for use in the future must include increasing fraction 
of clean energy components to reduce the emission of 𝐶𝑂2and other green house gases. Renewable 
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energy utilization is on the rise and is being integrated into existing global electric grid. Research in 
solar-thermal systems, Wind Electric Conversion Systems, fuel cells, hydrogen storage, etc, has brought 
new challenges to the electric power industry in the last few decades. The current grid has been designed 
to serve linear loads supplied with sinusoidal voltages drawing sinusoidal currents.  But, with the entry 
of power electronic devices, there has been a surge in the usage of technologies that employ these on a 
very large scale ranging from personal computers and various other digital devices to large variable-
speed drives. This has made life simpler, efficient and more convenient in today’s world. However, the 
disadvantage of this is that these devices are very sensitive to variations of the voltages and frequencies. 
By integrating these devices with the current grid along with introduction of information and 
communication technologies (ICT) the traditional grid can be upgraded to a smart grid.  
The development of the Smart Grid is expected to provide a means to handle two-way power flows and 
the problem associated with intermittency of renewable energy sources. Also, shaving of the peak 
demand by even a small amount can save millions of dollars with the reduction in the number of required 
standby power plants which is very likely in a smart grid scenario [5]. All of these have created an 
exciting set of unprecedented challenges and opportunities to the current energy/power industry. They 
will have to deploy and utilize better ways for real-time monitoring and control of their existing facilities 
as well as ways for the consumers to do the same by expanded monitoring and control throughout their 
distribution grids all the way to the consumers’ side of the meter. The use of advanced electronics, 
telecommunications, Internet, wireless sensor networks and information systems is imperative to achieve 
higher efficiency, improved power quality, and enhanced reliability, lower costs, safety and security [6]. Smart 
Grid consists of advanced sensors, actuators, communication infrastructure, Information Technology (IT) systems, 
advanced monitoring, control and decision making applications. Many objectives for deploying Smart Grid 
technologies are enumerated below:  
 To improve system reliability and efficiency  
 To reduce cost and maintenance time 
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 To integrate renewable energy sources 
 To monitor the system and locate faults  
 To enhance security and safety in system operation  
 To maintain and improve the quality of power delivery to meet the needs of digital loads.    
  Smart Grid relies on many advanced applications to deliver benefits to the customer, grid 
operators, and other societal stakeholders [7].  Smart grids have become high priority in the industry 
agenda in many countries around the world. Many definitions of smart grid exist, but still there is no 
universal concept agreed. According to the US department of energy smart grid is defined as " A smart 
grid uses digital technology to improve reliability, security, and efficiency (both economic and energy) 
of the electric system from   large   generation, through   the   delivery   system   to electricity consumers 
and growing number of distributed- generation and storage resources" [2]. On the other hand, the 
European Technology Platform defines the smart grid as "an electricity network that can intelligently 
integrate the action of all users connected to it- generators, consumers and those that do both in order to 
efficiently deliver sustainable, economic and secure electricity supplies" [8]. 
1.2 Capabilities and Limitation   
In the near future, electricity demand is expected to continue to grow, as new technologies are introduced 
into the existing network. Electric power is expected to be the fastest growing source of energy supply 
throughout the world. As already mentioned, the existing power system is over the world old by now.   
Several cascading failures during the past 40 years are spotlighted and illustrated in Figure 1.2. Need to 
understand the complex phenomena associated with power network systems and the development of 




Figure 1.2: Electric outages worldwide. Source: EPRI PEAC Corporation  
Overloading a line and mechanical failures can create power problems such as power fluctuations. To 
overcome the system instability, the frequency and phase of all power generation units must remain 





1.3 Objective of the Study  
 The concept of smart grid represents the merging of multiple technologies into a system that provides 
reliable and cost-effective energy. Smart grid enables operators to manage and monitor millions of 
devices and sensors. It has extensive communications capabilities that enable smart metering, as well 
as transformer monitoring and other data gathering devices. This dissertation discusses the main 
technology of Smart Grid implementation and distributed generation that can be used to improve the 
reliability of the existing power supply to Al-Zawea refinery’s critical loads to improve its operation. 
Al-Zawea refinery electric network experienced some active power fluctuations when it is connected 
to the national grid. Fluctuations cause disturbances in the electrical network during the operation hours. 
In order to mitigate the fluctuations, smart grid technologies have been proposed to improve the 
performance of the existing power system. This study could be expanded to include economic aspects 
as well. The smart grid is a reinvention of how energy is transmitted, distributed, and measured. It is 
becoming the new standard for utilities and consumers. 
1.4 Scope and Organization of this Dissertation 
This dissertation is structured with the intention of guiding the reader systematically to the work 
performed in a form with good readability and overview.  
Chapter II: Literature Review 
This chapter presents a synopsis of smart grid, smart grid technologies with their advantages, the 
difference between traditional grid and smart grid, briefly explanation of smart grid applications and its 
technical challenges.  
Chapter III: Existing Power System in Libya 




Chapter IV: Existing Power System at Al-Zawea Oil Refinery  
This chapter summarizes the existing distribution system at Al-Zawea Refinery, operation scenarios, 
generation resources with load flow analysis and investigation of its power problem.   
Chapter V: Proposed Modifications for the Existing Al-Zawea Refinery Power System 
This chapter presents the simulation results of the proposed modified system for the Al-Zawea Refinery 
and with discussion of results. Distributed generation DGs options and their types with their capability 
and availability in Libya are discussed, system modelling and load flow analysis with and without 
distributed generation DGs using Matlab and PowerWorld software were employed. Different scenarios 
are studied using simulation results.  
Chapter VI: Concluding Remarks and Future Work  












LITERATURE REVIEW  
 
2.1 Smart Grid 
There has been no change in the basic structure of the electrical power grid for about 100 years. 
The components of the current electrical grids are operating beyond their useful life. The demand 
for electricity with higher quality has rapidly increased. According to the U.S Department of 
Energy report, the demand and consumption of electricity in the U.S have increased by 2.5% 
annually over the last 20 years [9]. These days’ electric grid became very complex and ill-suited to 
the needs of the 21st Century. Among the weaknesses of the current electric grid are lack of 
situational awareness and automated analysis [10].  These have led to electrical outages over past 
40 years. Rapid increase in the population and electricity consumption has directed electrical 
engineers to the way electricity is generated, and the evolution of new technologies (information 
technology and power electronics) is beginning to impact power generation, transmission and 
utilization. Consequently, a new grid infrastructure is urgently needed to address those challenges.  
A new concept next generation electric power system has emerged called Smart Grid, to realize 
those capabilities.  Smart grids have become high priority in the industry agenda in many countries 
around the world. Many definitions of smart grid exist. According to the US department of energy, 
smart grid is defines as follows: " A smart grid uses digital technology to improve 
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reliability, security, and efficiency (both economic and energy) of the electric system from large   
generation, through the delivery system to electricity consumers and growing number of 
distributed- generation and storage resources" [11]. On the other hand, the European Technology 
Platform defines the smart grid as "an electricity network that can intelligently integrate the action 
of all users connected to it- generators, consumers and those that do both in order to efficiently 
deliver sustainable, economic and secure electricity supplies" [12]. Smart grid refers to a two-way 
system that monitors and automatically optimizes the operation of the interconnected elements of 
a power system from generator through the high-voltage network and distribution system to the 
load [13]. 
 
Figure 2.1: Smart Grid concept (Source: EPRI)  
As illustrated in Figure 2.1, the smart grid can be defined as a system that employs digital 
information and control technologies to facilitate the deployment and integration of distributed and 
renewable resources, electricity storage, smart meters and automated system [14]. 
2.2 Smart Grid Technologies  
Smart Grid adds new technologies to the current grid such as sensors, smart meters, communication 
system, control, monitoring and real time data analysis to increase the efficiency and maximize the 
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reliability of the system with minimization of the electricity cost. By implementing smart grid 
technologies and deploying them along with distributed generation to the traditional power system 
the following potential benefits could be realized. 
 Mitigate power fluctuations.  
 Accommodate renewable energy resources.  
 Self-healing. 
 Increase reliability of operation. 
 Reduce costs and improve efficiency. 
 Minimize environmental impacts. 
The smart grid enables operators to manage and monitor millions of devices and sensors. The 
smart grid has extensive communications infrastructure with capabilities to mitigate any power 
fluctuations that could cause system collapse [15]. Some of the alternate definitions of the smart grid 
are:  
 Concourse of communication technology and information technology with electrical 
system. 
 Smart grid is the integration of the electricity generation with users in intelligent way.   
 Set of the new technologies, those allow distribution, transmission and generation to be 
replaced by smart system for services with exchange of system’s data in real time.    
 Smart grid is the system that allows renewable energy resources to be integrated to the 
traditional grid at any edge of the electrical network. 
 Real time response between demand and power supply.  
 Intelligent system that can detect and locate the failure of the electricity at the grid.  
 Smart grid that may include distributed generation, battery storage system and demand 
management optimal operation [8]. 
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Integration of new sensors at the distribution level with automation in the system will enhance and 
improve the data exchange in the system with higher quality to be processed. 
Smart Grid refers to a two-way system that monitors and automatically optimizes the operation of 
the interconnected elements of the power system from the generator through the high-voltage 
network and distribution system, to the end use consumer and their thermostats, appliances and 
other household devices. Table 2.1 shows a comparison between the traditional or the current 
electric grid and the proposed smart grid. 
Table 2.1: Comparison of traditional grid and smart grid 
In the past, power quality denoted the ability of electric utilities to provide electric power without 
interruption. But now after the information technology revolution and other advanced power 
electronic equipment and digital devices with increasing density of sensitive equipment on the 
electric grid, there is increasing pressure on the regulators to lay strict rules regarding power quality 




2.3 Elements of a Smart Grid  
2.3.1 Energy Storage  
With the increasing in electricity demand and integration of renewable energy, energy storage has 
become a major concern and main player to enhance the quality of power to the consumers. Energy 
storage devices enable the grid to achieve the following [17]: 
 Possibility of renewable energy integration into the traditional power system. 
 Compensate power demand when the distributed generation fails to supply required 
power to the loads. 
 Organize and manage the amount of energy needed to be stored by the system during 
off peak time and supply it during peak time. 
Energy can be stored in different forms such as kinetic, electromagnetic, thermal, potential, and 
electrochemical. There are many types of energy storage options such as flywheels (FES), pumped 
hydro (PHS), super conducting magnetic energy storage (SMES), hydrogen storage etc. [18-19]. 
Multiple existing technologies are compared in Figure 2.2. Load Acid batteries are still used due 
to their low cost. This technology can protect the electrical network from blackout condition and 
provide sufficient power to the system in the peak time and during emergencies. 
 
Figure 2.2: Rated power for some grid energy storage technologies [20]  
Supplying energy storage in the grid provides the following advantages: 
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1. Improve grid efficiency and reliability with higher power quality. 
2. Offers ancillary services. 
3. Reduce the frequency variation in the power interconnection areas with multiple power 
resources. 
4. Improving load factor and increasing load diversity. 
5. Regulates voltage profile of the power system by supplying reactive power. 
2.3.2 Distributed Generation (DG) 
Electrical utilities are seeking new technologies to improve power quality and system voltage. The 
revolution in power electronics and renewable energy generation is becoming attractive and 
beneficial for upgrading the conventional electrical grid with less environmental impact. DG refers 
to penetration of small rating electricity sources that are scattered throughout the electric grid to 
provide required power for the system loads. DG can be installed at or close to the load, DG ratings 
range from 5 kW up to 100 MW. These distributed generations could be conventional generators 
or renewable energy sources. Multiple benefits can be obtained by integrating distributed 
generations to the existing electrical grid as listed below [21]: 
1. Significantly reduce system electricity outage. 
2. Increase system reliability. 
3. Reduce and eliminate power losses in the transmission lines since it’s connected 
close to loads. 
4. Result in higher power quality. 
5. Decentralize electrical grid’s management. 




2.3.3 Power Electronics  
Power electronics is a major component of smart grids because it connects the renewable energy 
sources to the grid by using inverters and converters.  A power electronics converter is an interface 
between distributed generation and smart grid, since the renewable energy sources (Solar & Wind) 
play a significant role as alternative source of power in the smart grid [20]. 
2.3.4 Communication System 
Today, the electric network is moving forward towards intelligent, reliable, and fully automatic 
grid called the Smart Grid. The difference between the current electric grid and the smart power 
grid is that the current grid has one-way communication system while the smart grid has two-way 
communication system. A variety of energy ancillaries including distributed generation, real time 
monitoring, demand response and load management can be achieved by taking advantage of 
advanced information technologies. The typical requirements for communications networks in the 
Smart Grid can be summarized as follows [22] [23]: 
 Availability: Self-healing ability in the existing system to overcome power 
failures. 
 Reliability: The grid must have the ability to provide reliable communication to 
match the reliability of the power grid itself. 
 Security. The grid must guarantee the privacy of the system’s data handled by the 
communication system. 
Two-way communication system in the Smart Grid allows smart appliances; smart meters for 






2.3.5 Smart Sensors and Advanced Metering Infrastructure 
In traditional electrical grid substations all the sensors and meters need to be upgraded to the new 
technologies for high accuracy by using a global positioning system (GPS) signal. In the future the 
remote terminal unit (RTU)p function will be replaced by phasor measurement unit (PMU). 
Additionally, the traditional electromechanical current transformer (CT) and potential transformer 
(PT) will be replaced by electronic or optical sensors with high accuracy of measurement [24]. 
Many benefits will be realized by using smart sensors and advanced metering as summarized 
below: 
 Real time load monitoring. 
 Failure detection and islanding. 
 Load profile summarizing. 
 Real time pricing. 
 Monitor the sensitive equipment. 
The concept of smart meters and advanced metering in the smart grid provides customers the ability 
to automatically manage their electricity usage, minimizing power cost and improve the power 
quality. 
2.4. Challenges of the Smart Grid  
Smart grid technologies give a chance to upgrade and develop the entire power grid, but they still 
are facing a number of technical challenges to be implemented on the existing power grid. They 
are briefly enumerated below:  
 Complicated system. 
 Handling a huge Advanced metering infrastructure data. 
 Real time data analysis.  
 Integration of distributed generation and protection. 
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 Expenses of energy storage technology.    
2.5. Prospects for Smart Grid and its Application 
Smart Grid integrates several new technologies with existing grid by means of sensors, 
communication system, advanced actuators, information technology and distributed generation.  
The objectives of implementing smart grid are as follows [25]: 
1. Create a smart energy infrastructure that provides environmental benefits, low system 
costs, and reliable service. 
2. Enable integration of renewables, distributed generation, and energy storage. 
3. Improve capacity, utilization, and performance of existing system and adding new 
transmission lines to improve voltage profile. 
4. Improve reliability of the overall electricity system. 
5. Empower employers by enabling distributed renewables, electric vehicles 
2.5.1 Optimization of Active and Reactive Power Flow in the Smart Grid  
Electricity flow from the generation system to the consumers through the distribution system is at 
medium voltage (typically 10 kV to 35 kV) where the voltage is stepped down for suitable end use 
consumption, switchable capacitor banks with energy storage devices and integration of distributed 
energy resources are used to optimize reactive and active power for high power quality [25]. 
2.5.2 Self-healing and Fault Detection 
Self-healing refers to the capability of the grid to address the sustained shortage of the 
power on the customer’s side, determine the location of the fault on the feeders, take quick action 
by sending the command to switch and isolate the section of the feeder where the fault is located, 




2.5.3 Demand Response (DR)  
Generally, demand response refers to a system that gives the utilities and consumers on both sides 
the ability to reduce energy consumption during peak hours; demand response forecast real time 
prices in order to reduce the energy consumption level of individual customers [27] [25]. 
2.5.4 Integration of Renewable Energy  
Smart Grid enables the system to integrate renewable energy resources (Wind & Solar) installed 
close to loads. Moreover, the size and the number of transmission lines that need to be used to 
transmit power will be reduced. Penetration of renewable energy will decrease CO2 emission for 
clean environment and green energy. 
2.5.5 Power System Stability  
Often in interconnection power areas, the grid struggles from the redundancy and fluctuations due 
to frequency variation or because of undesirable events, which lead the system to complete 
blackout, Smart Grid with the new technologies, has the ability to stabilize the system and operate 
at a stable equilibrium with acceptable grid voltages and system frequency. Most of blackouts over 









LIBYAN ELECTRIC SYSTEM 
 
 
3.1 Overview  
Libya is situated in the northern part of Africa between Tunisia and Egypt on the southern coast of 
the Mediterranean Sea with about 1900 km of coastline. Libya has a population of about 6 million 
and more than 70 % of the total population live in the coast side. It occupies nearly 1,759,540 
square kilometers of are [29]. 
Recently, consumption of electricity has been rapidly increasing in Libya. Information from the 
administration office of the GECOL (General Electricity Company of Libya) indicated that 
electricity consumption in Libya has jumped from 13.4 BkWh in 2003 to 22.17 Bkwh in 2007 [30].  
This is an increase in the energy consumption of 60 % over four years.  
Most of Libya’s existing power stations are being converted from oil to natural gas. Libya currently 
has an installed electrical generation capacity of about 6.51 GW. And new power plants are being 
built to run on natural gas. Libya is also considering potential wind and solar projects. The peak 
load on the electric power system in Libya is continuously increasing with a relatively high growth 
rate of about 8 to 10 % per year. Libya has the longest transmission system in the region at 220 kV 
level. The internal interconnection of the Libyan transmission system was achieved in 1993 by 
creating a high voltage 220 kV Libyan national grid [31].  
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The electrical grid of Libya is interconnected with Egypt’s electric grid at 220 kV level since May 
1998 and interconnected with Tunisia’s electric grid in 2009, also at 220 kV level. The 
Transmission System is completely interconnected and designed to ensure both reliability and 
security. The total energy demand has increased with growth of 60 %. The oil sector has the highest 
share with 61% of total consumption. 
The electric energy sector has been developed during the last decade in Libya. The peak load has 
increased from 1595 MW in 1990 to 3875 MW in 2005 while the total installed capacity has 
increased from 3352 MW in 1990 to 5121 MW in 2005, and the generated electric energy from 
9851 GWh in 1990 to 22500 GWh in 2005. The contribution of steam power plants is at 65%. 
Natural gas represents 32% of the fuel supply for electric power plants and 33% heavy oil fuel and 
35% light oil. The national electric network is accessible to 99% of the population.  Most of electric 
network is concentrated on the coast, where most of the inhabitants live. Figure 3.1 shows the 
locations of the electrical power plants in Libya [32]. 
 




3.2 Renewable Energy Resources in Libya  
Libya has 1900 km of coastline with 90 % of 1,759,540 square kilometers of desert; Libya is one 
of the richest countries in the region in wind and solar recourses. The daily average of solar 
radiation on a horizontal plane is 7.1 kWh/𝑚2 in the coastal region, and 8.1 kWh/𝑚2 in the southern 
region, with a daylight duration of more than 3500 hours per year. Wind potential is also very high 
in many regions and sites in Libya and can contribute to the energy scenario to increase the 
efficiency and reliability of the current power system [33] [34]. Renewable energy became a very 
promising research area in last few decades due to its advantages of being able to be integrated with 
the existing power system in Libya. Integration of Renewable Energy is facing some challenges 
since wind and solar are non-controllable and partial unpredictability, both depending on the 
location.   
Since the Al-Zawea oil refinery is connected to the Libyan national electric grid, a study of 
renewable energy penetration into Al-Zawea refinery existing power system is considered in this 
dissertation. One of the smart grid technologies requirements to be implemented in the existing 
power system is investigating the impact of the penetration of renewable energy system (Wind 











4.1 Overview of Al-Zawea Refinery  
 Al-Zawea refinery is located at about 40 kilometers (25 mi) west of the capital city (Tripoli) Libya. 
It is the largest refinery in the region. The refinery was opened in 1974 and it currently produces 
an estimated 120,000 barrels and (19,000 m3) of oil products per day (bpd). Research Programs 
goal is to study power flow and provides suggestions to upgrade the existing power system of the 
refinery at Al-Zawea.    
4.2 Distributed System 
Distribution system of the electric grid is the most involved and needs to be reliable for power 
distribution [35]. And it is the last stage of electric power delivery to the loads. Distribution system 
connects the transmission lines between high and medium voltage to the low voltage with the use 
of transformers [36]. As in general in any power system, the electrical system at Al-Zawea refinery 
can be broken down into three main parts namely, the distribution substation, distribution primary, 
distribution secondary. Voltage levels are reduced at the refinery in the main substation for 
distribution to the other substations to feed the various loads. The refinery’s electrical network is 
connected to the General Electricity Company of Libya as a secondary power supply with 2 MW 
of capacity. In addition, the refinery has its own power plants consisting of three steam turbines 
and one gas turbine using natural gas with a combined capacity of 11 MW under normal operation. 
Technical analysis have been done by meeting with Al-Zawea refinery engineers to investigate the 
refinery power system and to address its issues.
22 
 
4.3 System Overview  
The refinery has an on-refinery power plant, with rating of 11 MW and it is connected to the Libyan 
national grid by two 31.5 kV feeders. The electrical distribution network of the refinery is 
connected to the national grid by a 6.6 kV bus-bar system, as represented in Figure 4.1 with the 
following sources. 
 Three steam turbines 6.6 kV, 6MVA each. 
 One gas turbine generator 6.6kV, 21 MVA. 
 Two incoming 6.6 kV cable feeders stepped down from 31 kV to 6.6 kV with capacity 
of 1 MVA each. 
 
Figure.4.1: One-Line diagram of the Al-Zawea refinery power system 
The total load demand of the refinery is around 11MW to 12MW supplied by. 
1. Two steam turbines with 2.5MW~3MW power output (the third in standby). 
2. The 6.6 kV incoming cable feeders. 
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3. The gas turbine generator with a 5MW~6MW output.  
Al-Zawea refinery power resources are represented by percentages in Figure 4.2: 
 
Figure 4.2: Percentages of power supply 
The 6.6 kV incoming cables are protected by the following devices: 
1. Overcurrent relay. 
2. Minimum voltage relay. 
3. Active reverse power relay. 
These incoming feeders are crucial since they connect the refinery network to the Libyan national 
grid.  
The first requirement of power supply to the refinery is maximum availability; furthermore, it has 
to be considered that: 
 Generating capability is much higher than typical load (approximately 30 MW possible 
generation, versus 12 to 15 MW loads). 
  Gas turbine has proven to be not much reliable (2 or more trips/year). 
 Steam turbines are old and show low availability factor (less than 50%). 




Steam Turbine Gas Turbin National Grid
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 There is an agreement not to export to electricity National Grid. 
In order to fulfill these requirements, power supply is consequently based on:     
 Put in operation gas turbine at low power (30 % of nominal or less), so that a reserve is 
available in case of islanding. 
 Put in operation two steam turbines, keeping one in backup. 
 Put in operation one of the two feeders from National Grid, in order to have a backup in 
case of Gas Turbine Trip. 
 Keep energy imports low (to reduce costs), less than 1 MW usually. 
 Limit reverse power  
The observed problem is not under complete dominion of Al-Zawea refinery.  
 It is initiated by external frequency fluctuation in the National Grid. 
 The National Grid itself is connected to other countries, remaining exposed to 
contingencies. 
Figure 4.3 shows a single line diagram of the current distribution system at the Al-Zawea refinery 
power system.  
 
Figure 4.3: Single Line Diagram of the Distribution system in the Refinery Power System  
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This system feeds five different areas in the refinery of which one of them is considered as critical 
due to the sensitive equipment and the research work being conducted to this area. These critical 
loads are very sensitive to frequency variations, power fluctuations and power outage. The 
protection systems used to protect the equipment from failure in the refinery distribution system 
are fuses manufactured by CESI.     
Figure 4.4 shows one of the five areas of the current distribution system where critical loads at the 
Al-Zawea refinery are located. 
 
Figure.4.4: A segment of the current distribution system layout at Al-Zawea Refinery. 
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The number of the distribution lines at the Al-Zawea refinery is very large and all the distribution 
across the refinery is done using underground cables. There are different types of buses, 
understanding the types of the buses is very helpful in this research study as illustrated in Table 
4.1. The buses are represented as nodes. Every type of bus is designed based on its operation 
constrains. As known there are two major types of buses in the distribution system they are 
generator buses, which are connecting the generators to the grid and load buses that are connecting 
the load to the grid.  Load buses named PQ buses, P is a real power Q is a reactive power specified 
based on power consumption. Both reactive and real power are specified for every load bus. The 
known and unknown variables of the various buses used in load flow studies are summarizes by 
Table 4.1. 
 Table. 4.1: The different variables associated to the types of the buses in the power flow analysis  




Real power (P) 
Reactive Power (Q) 
 
Voltage Magnitude (V) 




Real Power (P) 
Voltage Magnitude (V) 
 
Reactive Power(Q) 




Voltage Magnitude (V) 
Voltage Angle (ϴ) 
 
Real Power (P) 
Reactive Power (Q) 
 
As shown in Figure 4.4, there are 10 load buses namely; Bus 4, Bus 7, Bus 9, Bus 12, Bus 14, Bus 
17, Bus 19, Bus 21, Bus 24, Bus 25.  
4.3.1 Distribution Substation 
Based on literature review and studies done in this research, the distribution substations were found 
to be somewhat standard. The distribution substation typically includes: 
1. Circuit breaker.  
2. Disconnecting switches. 
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3. Shunt reactors. 
4. Station buses and insulators. 
5. Current limiting reactors. 
6. Current transformer. 
7. Coupling capacitors. 
8. Series capacitors. 
9. Grounding system. 
10. Station batteries. 
11. Power transformers.  
12. Others.   
There are eleven distribution substations in the refinery and they feed the entire distribution system 
at the refinery at different rates.  
4.3.4 The Feeders of the Distribution System 
Distribution feeders in the refinery are either loop or radial. The majority of the feeders in the 
refinery are designed to be a radial for economic reasons where they are less costly comparing to 
the others. Figure 4.5 shows the types of distribution system.  
 
Figure 4.5: Types of the distribution system [37] 
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As shown in the Figure 4.4 the radial system exactly matches the current distribution system of 
the refinery. The feedback loop in the current system is connected from Bus 17 to Bus 26.  
4.4 Problem Statement   
Al-Zawea Oil Refinery electric network experienced some active power fluctuations when 
connected to the national grid. Fluctuations cause disturbances to the electrical network leading to 
system collapse. In order to investigate the origin of these phenomena and to identify their most 
probable cause, an onsite survey and power flow analysis were required.   
4.4.1 Gas Turbine Control System Investigation  
The control system of the gas turbine is not reliable because of its governor reaction versus 
frequency. The frequency variation between the national grid and local grid causes severe power 
fluctuation problem, needing rapid reaction from the operator to follow the grid frequency to avoid 
any fluctuations.  This requires fast operator actions (in less than 30 second), implies possible gas 
turbine trip, implies possible feeder trip by the reverse power relay. The operational problem can 
be identified as follows: 
1. Grid events initiate frequency fluctuations. 
2. Gas turbine reacts trying to keep speed at reference to maintain system stability 
which is not possible sometimes as in the peak time.  
3. The operator tries to limit gas turbine reaction, adjusting speed/load reference. 
4.4.2 Frequency Data and Power Factor Analysis  
Apart from the electricity supplied to the refinery from the National Grid, a series of interconnected 
power stations, substations and other infrastructure exist in the refineries. There is a specific 
demand (typically of the order 2 MW) imported from the National Grid, and the rest of the power 
demand is supplied by the various interconnected generators in the refinery as explained in previous 
sections. Grid stability is a technical requirement for a proper operation of an interconnected power 
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system and it is a prerequisite for a stable power system to guarantees secure supply at a frequency 
of 50 Hz to avoid any power fluctuations. The concept of the relation between frequency and load 
versus the system stability is illustrated in Figure 4.6.  
 
Figure 4.6: The concept of the power stability based on frequency variation and power 
generation 
Frequency data has been collected from the refinery’s SCADA system for period of time (three 
months). The data put under study and analysis to clarify the causes of the fluctuation: 
 When? 
 Where? 
 Why?    
The grid frequency during normal operation is depicted in Figure 4.7. 
   
 
                      
 
Figure 4.7: Frequency variations in normal operation 
The refinery’s grid experiences deviation in system frequency and scheduled power exchanges to 
other areas with undesirable effects. 
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 This typically happens at the peak time at early morning 6:7 am, and at around midnight as shown 
Figure 4.8. The fluctuations are observed on the feeder which connects the refinery to national 






Figure 4.8 Frequency fluctuation plot 
   4.5 Observation  
 Steam Turbine: Steam turbine is more reliable for frequency deviation. The governor of 
the turbine does not get fast effect of frequency changing which mean the redundancy of 
the grid is not caused by steam turbine. 
 Gas Turbine: The gas turbines are usually equipped with relatively complicated control 
logic, which includes several different loops, such as governor, temperature controller, 
acceleration controller, etc. [38]. The power output of the gas turbine is related to the 
governor and frequency. The governor is usually known as the main control loop in the gas 
turbine control algorithm during its normal operation and any frequency deviation out of 
acceptable range will affect the stability of the grid [39]. So, the fluctuation happened 
because of the gas turbine.  
Power flow analyses need to be done on the system. PowerWorld and Matlab will be employed for 
this analysis.  Load flow model was developed for the current distribution system at AL-Zawea 
refinery for one segment with maximum load of 4 MW. Load data, grid frequency and voltages 
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with distribution line parameters are under consideration as known values. Frequency variation 
under changing load conditions or outages can be calculated. 
4.6 Load Flow Analysis  
Load flow analysis is one of the most important part in the power engineering. System needs to be 
evaluated whether stable or non-stable and its performance under normal operation or during time 
of faults Load flow analysis for the critical loads of the current distributed system at AL-Zawea 
refinery is performed. The entire system comprises of 25 Buses and load data, 10 buses are 
represented as a load buses with different demands, distribution line parameters and bus voltages 
are used as input data to conduct the study. Load data in Table 4.2 are used in the study. A Load 
flow analysis can provide the following information: 
1. Active and reactive power losses. 
2. Phase angle at each line. 
3. Voltages at each line. 
4. Power factor. 
5. Total power losses. 
Table.4.2: Load data of critical loads of the current Refinery distribution system 


































4.7 Challenges   
 The refinery consumes from 11~12 MW with sensitive loads consisting of sensitive equipment. 
The main objective is to keep the system on power 24/7 every single second. The refinery does 
have a local power plant with capability to generate 9 MW of electricity using natural gas.  
However, Al-Zawea refinery imports electricity form the National Grid for the rest of the power 
demand.  One of the steam turbine refinery units acts as a system buffer and back up supply in 
emergency case. Switches and fuses are being used as protection devices to avoid any outages due 
to redundancy. A frequency variation in the tie line leads to disturbance of power at all buses and 
loads. The loads connected to buses 4, 7, 9, 12, 14, 17,19,21,24 and 25 are critical loads. These 
loads consist of many sensitive equipment.   
There have been recorded major blackouts at the refinery in the past few years. The system needs 
to be upgraded since it is plagued with various challenges that need to be addressed. They are:   
 Frequency variation. 
 Load growth. 
 System centralization.  
 Distribution automation. 










PROPOSED MODIFICATIONS FOR THE EXISTING AL-ZAWEA REFINERY 
POWER SYSTEM 
 
5.1 Distributed Generation (DG) Overview  
Electrical utilities are seeking new technologies to improve power quality, reliability and voltage 
profile with revolution in power electronics, renewable energy generation is becoming attractive. 
This can be a benefit to upgrading the conventional electrical grid with less environmental impact. 
Distributed renewable generation promises a clean environment and sufficient power to the load. 
Distributed generation (DG) is power generation scattered throughout the power system to feed the 
load demand, or employed at an isolated site not connected to the power grid. Distributed 
generation can be installed at or close to the load. Distributed generation typically has capacities 
ranging from 5 kW to 100 MW [40]. Recently, distributed generation has started to play a larger 
role in power distribution systems.   Distributed generation reduces the amount of energy lost in 
transmitting electricity because the electricity is generated very near where it is used. Proper 
implementation of distributed generation in the system needs advanced sensors with integrated 





5.2 Integration of Distributed Generation   
The integration of distributed generation into the grid requires a good knowledge of the operation 
and control for the different types of power plants and analysis to evaluate the system performance 
with the new distributed generation. The selection criteria of the types of generators needed for 
distributed generation depends on their application [41]. Distributed Generation (DG) aims to 
generate part of power demand on a small scale closer to the load and interchange the power with 
the grid. Distributed generation also called decentralized generation or embedded generation or 
dispersed generation. It is defined as small electric power sources that can be connected to a 
distribution system at any bus-bar close to the load or to the customer at the meter [42].Recently, 
several distributed generation technologies are under study and research for development. They are 
photovoltaic system (PV), micro turbines, gas turbines, diesel engines and wind energy conversion 
system (WECS). At present wind energy has become the most economically competitive among 
all renewable energy technologies [43].          
 Integration of distributed generation into existing power system at Al-Zawea refinery can 
result in several benefits. These benefits include: 
1. Reduced environmental impact. 
2. Avoid system blackout. 
3. Power loss reduction. 
4. Increase overall system efficiency. 
5. Overcome power fluctuations. 
Wind distributed generation technology is proposed to be integrated with AL-Zawea refinery 




5.3 Wind Energy Systems as Distributed Generation    
Although renewable energy application in Libya was started in the middle of the seventies, it has 
still not found its way into industry sector. This study considers the possible impacts of renewable 
(wind) energy system integration with the Al-Zawea refinery electric grid to satisfy the refinery 
load demand.   
Recently, renewable energy technologies have accelerated around the globe. Increasing the 
proportion of electricity generated from renewable sources is one of the viable ways to reduce the 
reliance on fossil fuels and reduce greenhouse gas emissions for clean environment [44]. Currently, 
conventional generation plays a pivotal role in maintaining the power balance between generation 
and demand. Entry of renewable generation will require a major upgrade of the existing utility 
system leading to its transformation as a “Smart” grid. Smart grids have become high priority items 
on the industry agenda in many countries around the world. The concept of “Smart grid” is to allow 
utility to move electricity around the system as efficiently and economically as possible. This study 
discusses the main features of smart grid which is distributed generation integration to improve 
system reliability and efficiency. The source of distributed generation considered here is the 
renewable wind energy. Libya is one of the richest countries in the region in wind and solar 
recourses. The daily average of solar radiation on a horizontal plane is 7.1 kWh/𝑚2 in the coastal 
region, and 8.1 kWh/𝑚2in the southern region, with daylight duration of more than 3500 hours per 
year. Wind potential is also very high in many regions and sites in Libya and can contribute to the 
energy scenario to increase the efficiency and reliability of the current power system [45] [46]. 
Renewable energy became a very promising research area in the last few decades due to its 
advantages of being able to be integrated with the existing power system: in Libya. Since the Al-
Zawea refinery is connected to the Libyan national electrical grid, a study of renewable energy 
penetration into Al-Zawea refinery is considered in this study. The objective of this study is to 
investigate the impact of the penetration of distributed renewable generation (Wind Turbines) on 
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the Al-Zawea refinery power system with reference to voltage profile improvement and system 
reliability. Wind power is one of the cleanest and most abundant forms of renewable energy and it 
has the smallest footprint of all.   
The Impact of wind power integration on the system depends on the size of the network and the 
penetration level. Changing wind conditions will affect the power output generated by wind 
turbines. However, it is technically possible to integrate fairly large amounts (up to 50%) of wind 
capacity in power systems. Wind energy resources are available in many regions in Libya in 
reasonable quantities; preliminary studies indicate that it can be economically exploited [47]. Al-
Zawea is a city in northwestern Libya, situated on the Libyan coastline of the Mediterranean Sea 
about 45 km west of Tripoli [48]. The electrical load of Al-Zawea refinery is about 11~12 MW. 
Since wind potential is plentiful in many areas around the refinery, wind DG is proposed as a 
solution to balance the net load uncertainty. The term net load is defined as system demand minus 
system generation. A single line diagram of the Al-Zawea power system with Wind DG is 
illustrated in Figure 5.1. 
 




5.3.1 Wind Energy Conversion System  
A wind turbine works by converting the kinetic energy in the wind first into rotational energy and 
then to electrical energy that can be supplied via the grid for consumption.  Although the design of 
wind turbines varies based on their application, the main components have the same functions.  The 
wind speed and the swept area of the turbine mainly control the electrical output of each wind 
turbine.  A typical wind turbine consists of: 
 A tower to situate the generator.    
 A nacelle (protecting the wind turbine from damage).    
 A gearbox (matching the speed between the rotor and the generator in the turbine). 
 A rotor (transferring the kinetic energy from the wind into rotational shaft energy). 
 A generator (converting the mechanical energy to electrical energy) 
 A tail vane system (maintaining the turbine pointed into the wind direction). 
     The power generated by the turbine is injected into the grid through a transformer. The 
connection between the wind turbine and the grid is possible at different levels of voltage [49].  
Power electronics also can be used for enhanced power extraction and variable speed operation of 
the wind turbine. There are two types of wind turbines: vertical axis and horizontal axis. They  are 
designed and built in different sizes and shapes [50].  Figure 5.2 shows the configuration of typical 





Figure 5.2: Simple horizontal axis and vertical axis wind turbines [51] 
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The amount of power generated by the turbine and transformed to the grid depends on the density 
of the air, the wind speed and the rotor swept area [52] [53]. This is shown by the following 
relationship in Equation (5.1) [54]. 
              𝑃𝑤𝑖𝑛𝑑 =
1
2
 𝜌𝑎𝑖𝑟𝑣𝑤𝑖𝑛𝑑  
3
                                                                 (5.1) 
where: 
𝑃𝑤𝑖𝑛𝑑 = the specific wind power [w/𝑚
2] 
𝑉𝑤𝑖𝑛𝑑 = the average wind speed [w/s]  
𝜌𝑎𝑖𝑟 =1.225 (the density of dry air at sea level at 15
° C (kg/𝑚3)) 
We must consider the aerodynamics and the efficiency of the combination between the generator 
and the rotor. Therefore, the output power of the wind turbine can be calculated using equation 
(5.2).    




3𝜂𝑔𝜂𝑏                                        (5.2) 
where: 
𝐶𝑝= Coefficient of performance (0.59 (Betz Limit) is the maximum theoretically possible, 0.35 for 
ideal design). 
 𝐴 = rotor swept area [𝑚2]. 
 𝜂𝑔 = generator efficiency. 
  𝜂𝑏= Gearbox and bearing efficiency. 
Generated power from the wind turbine depends on many factors besides wind condition. As seen 
in equation (5.2) the power output from a wind turbine changes based on wind speed, air density 
and the size of the rotor blades. Other parameters influence the power production from the turbine 
in indirect way such as atmospheric pressure, temperature and humidity.  
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5.3.2 Power Performance Curve of Wind Turbine     
The relationship between wind speed and power output of a turbine is represented by a 
graph called power curve. It varies from turbine to turbine based on their design and size. In this 
study, we consider GE 1.5 MW wind turbine since it is one of the popular types used around the 
world. The power curve of the GE 1.5 MW wind turbine is shown in Figure 5.3 
Figure 5.3: Power curve of GE 1.5 MW wind turbine [16] 
As indicated in the power curve in Figure 5.3, if the wind is below the cut-in speed no power is 
generated. Whenever the wind starts to go above the cut-in speed, the turbine starts to generate 
power and the amount of power produced changes based on wind speed variation. When the wind 
speed reaches to the rated wind speed of the wind turbine, the turbine will produce the rated 
power and then the output power remains constant as wind speed increases above the rated 
speed. The technical data of the GE 1.5 MW wind turbine is shown in Table 5.1 [55]. 
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Table 5.1: GE 1.5 MW turbine technical data 
Rated capacity 1.5 MW 
Cut-in Wind Speed 3.5 m/s 
Cut-out Wind Speed 25 m/s 
Rated Wind Speed 14 m/s 
 
One of the main consideration of any electrical power system is its rated power. If the system has 
a generator, the rated power is dictated by the rated output of the generator.  Before installing wind 
turbine units their “Capacity factor” should be evaluated to see whether they can meet power 
demand. The capacity factor (CF) is defined as: 
𝐶𝐹 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 
𝑃𝑟𝑎𝑡𝑒𝑑 𝑋 8760
                                                         (5.3)            
Or, another way to express it is  
 𝐶𝐹 =





                        (5.4)                          
Capacity factor of wind turbines is typically gain as a percentage. If the capacity factor of an unit 
at a site is 35%, with GE 1.5 MW units, the annual average power generated by the turbine is 
(0.35X1.5) = 0.525 MW. Typically, capacity factors of wind turbine vary between 30 ~35 % [56].     
5.4 Integrating Wind Power Based DG into the Refinery Power System 
If the electricity demand exceeds the cumulative power generated by the generators in the system, 
the units will respond by decreasing their rotational speed, as explained in Chapter IV due to power 
imbalance. The stability of the system frequency in Al-Zawea power system is a good measure of 
balance. The primary grid frequency also varies during peak times due to load imbalance. This 
affects the steady state operation of the grid and causes gas turbines to trip, followed by voltage 
collapse (system blackout). Integrating wind based DGs units with the existing distribution system 
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can achieve the balance of loads in the refinery. Optimal allocation and optimum sizing of wind 
turbine based DG is studied considering load uncertainty and wind variability.   
5.4.1 Load Modelling  
Probabilistic load flow that accounts for load variability (uncertainty) is employed in this study. 
The load uncertainty is modeled as follows: 
1. The maximum load is placed at every load bus once. 
2. As a result, there will be loading scenarios equal to the number of load buses. 
3. For simplicity, the maximum load is assumed based on the desired loading conditions and 
the mean and standard deviation of the load are calculated.   
The data given in Table 4.2 have been used for load uncertainty study by placing the maximum 
load at each load bus in all busses, thus generating ten load scenarios. Probability density function 
of the load uncertainty conditions is determined by using (5.5). 





2𝜎2                                                                             (5.5) 
where  𝜇, 𝜎2   and 𝑥 are the calculated mean, variance and power demand of assumed loads  
respectively.     
5.4.2. The Sizing of the Proposed DG units       
The probability distribution function (pdf) of wind speed is the key information that is needed to 
estimate and model the power output of wind energy units to determine the capacity factor and 
sizing the wind turbine based distributed generation DG [57]. A very good model often used to 
model the behavior of wind speed is the Rayleigh probability density function (pdf) which is a 
special case of Weibull distribution with a shape factor β =2.   
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Weibull distribution function has been widely used, accepted and recommended to model wind 
speeds [58] [59]. The Weibull density function has two parameters - dimensionless shape 
parameters (β) and a scale parameter (α) having units of wind speed (m/s). The two parameters 















)                                      (5.6)          
   where 𝑓(𝑣) is the probability density function for the random variable wind speed (𝑣), β 
is  a dimensionless Weibull shape parameter and α is a scale parameter of wind speed (m/s).    
 There are several approaches to estimate Weibull parameters to fit wind speed data [50] [60] [61]. 
For a given set of data, several numerical methods can be employed to determine the Weibull 
parameters. The most common methods are listed below:  
 Graphical method (GM); 
 Empirical Method; 
 Modified Maximum Likelihood Method; 
 Energy Pattern Factor Method; 
 Moment method (MM); 
 Maximum likelihood; 
In this study Rayleigh probability density function (pdf) is used to model the behavior of wind 
speed by using equation (5.7). Rayleigh is a special case of Weibull pdf with a shape index β is 








                                                             (5.7)  
Where the scale parameter 𝛼 can be calculated using (5.8) and (5.9) 
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                                              (5.8) 
             𝛼 ≈ 1.128 𝑣𝑚                                                                     (5.9) 
In order to evaluate wind turbines based distributed generation into the existing power system with 
the uncertainties wind speed, the continuous probability distribution function of the given wind 
speed is divided into states (segments) each with certain speed limits. Small number the states 
affects the accuracy, whereas choosing a large number of states increases. In this study, the speed 
range of each state is taken to be 1 m/s as shown in Table 5.2. 
Table 5.2: selected wind speed states 


















𝑉𝑚𝑎𝑥−1 𝑡𝑜 𝑉𝑚𝑎𝑥  
The average wind speed at the site can be calculated by using equation (5.10) [59]. 
𝑣𝑎𝑣𝑔 = ∑[𝑣𝑖  . (𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠 @𝑣𝑖   ]                                     (5.10)                         
where  𝑣𝑖 wind speed  
 
The probability of each state 𝑃(𝐺𝑤) is calculated by using (5.11) [60]. 











                                                         (5.11) 
where 𝑤𝑗 and 𝑤𝑖 are the state speed limit. 
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The output power of the candidate wind turbine corresponding to each state is calculated. Technical 
information data of the candidate wind turbine and its power curve properties are used for the 
calculation by using equation (5.12) [60] [61].  
 
                       (5.12) 
                       
 
where 𝑣𝑐𝑖, 𝑣𝑟 and 𝑣𝑐𝑜  are the cut-in speed, rated speed and cut-off speed of the wind turbine, 
respectively.  
The annual average power and capacity factor (CF) of the candidate wind turbine based 
distributed generation are calculated using equations (5.13) and (5.14) [60].  
 𝑃𝑎𝑣𝑒 =  ∑ 𝑃𝑜𝑢𝑡𝑝𝑢𝑡𝑋𝑤  𝑃(𝐺𝑤)                                                           (5.13) 
𝐶𝐹 =





                (5.14) 
Sizing of the integrated wind DG is calculated by using equation (5.15). 
𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝐷𝐺 𝑢𝑛𝑖𝑡 = 𝐶𝐹. 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡    (5.15)      
 5.4.3 Optimal Placement of (DG) 
A proper allocation of DGs units into the existing distribution system plays a crucial role in the 
improvement of system performance. The voltage stability index has been employed in this study 
to tests the voltage sensitivity to load variation (uncertainty) and determine the optimal placement 
of wind turbine based distributed generation.   
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The voltage index presented in Ref [63] [64] has been adopted in this study and is used to determine 
the optimal allocation of the wind turbine based distributed generation by using equations (5.16) 
(5.17) [65] [66].  
𝑉𝑛 =
𝑉𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝐵𝑢𝑠,𝑤𝑖𝑡ℎ 𝐷𝐺 𝑜𝑛
𝑉𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝐵𝑢𝑠,𝑤𝑖𝑡ℎ 𝐷𝐺 𝑜𝑓𝑓
                                                                      (5.16) 
 





                                                                                (5.17) 
where 
      𝑝𝑟𝑛  is the probability density function that has been calculated by using equation (5.5)        
The optimum location of the wind turbine based distributed generation in the existing distribution 
system is determined based on obtained voltage index.  The voltage index with highest voltage 
amplitude is the optimum location and is chosen bus to integrate the wind based DG into the system 
network.   
The impact of the DG integration into the system can be evaluated based on the following three 
possible scenarios  
 𝑉𝑖𝑛𝑑𝑒𝑥    < 1 , DG units will make the voltage profile worse.   
   𝑉𝑖𝑛𝑑𝑒𝑥  = 1 , DG units will have no impact on the voltage profile.   











Modeling net load 
uncertainty 
Size DG to meet the 
deficit net load 
considering wind 
speed uncertainty  
Place DG at each 




Vindex >1Change DG location
Select bus with 
highest Voltage 






Figure 5.4: Flowchart for the proposed methodology 
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5.5. Simulation Results and Discussion  
For simulation purpose, load uncertainty and wind variability model data are used in this study. 
Optimum size of wind DG is obtained and integrated into the existing distribution system at Al-
Zawea refinery. The system under study is shown in Figure 5.5. It is a typical distribution system 
with a peak load of 4 MVA.  The main substation at bus 1 is represented as a generator with capacity 
of 4 MW to supply electricity to the critical loads. 
 
Figure 5.5: A segment of Al-Zawea refinery distribution system  
Therefore, bus 1 is considered as a slack bus with a constant voltage of 1.05 per unit. Bus 4, 7, 
9,12,14,17,19,21,24 and 25 are load busses.  The system has a total active power load of 4 MW and 
total reactive power 1.314 MVAR. Integration of wind based DG into the existing distributed 
system is considered in this study.  
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In order to obtain the voltage index, a probabilistic load flow that accounts for load uncertainty is 
considered. The load uncertainty is modeled by placing the maximum loading conditions of 0.7 
MW and 0.14 MVAR successively at every load bus as shown in Table 5.3 below.  
Table 5.3 Load uncertainty model 
The DG integration is demonstrated as follows. 
5.5.1 Wind Speed Modeling  
Since the wind speed is highly variable data over one year is desirable to describe wind energy 
potential of the site. The hourly wind speed data have been measured and modelled by using 
Weibull pdf considering a shape (β) parameter with values of 1, 2 and 3 and found that, Weibull fit 
well the wind speed data when β is equal to 2. The plots in the Figure 5.6 illustrate Weibull pdfs 
and the histogram of the hourly wind speed data.  
For the sake of simplicity, only one type of wind turbines is assumed available. GE 1.5 MW wind 
turbine is chosen for this study and its data are given as follows:    
 Cut-in wind peed 3.5 m/s 
 Cut-out wind speed 25 m/s 
 Rated wind speed 14 m/s 











































































































































































































    
 
Figure 5.6 Wind speed data and its Weibull pdf with shape parameters 𝛽=1, 2 and 3 
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In order to calculate the capacity factor, the probabilistic description of the wind output power 
model is generated by using candidate wind turbine technical data. The capacity factor is calculated 
by using (5.12), (5.13) and (5.14), and found to be 0.32 %. Wind speed and wind power 
probabilities are shown in Table 5.4.  
Table 5.4: Wind speed and power probabilities for each state 
Wind Speed Limit Hours/Year Probability 𝑃(𝐺𝑤) 
0-4 1804 0.205936 0 
4-5 579 0.066096 0.1045 
5-6 984 0.112329 0.1089 
6-7 908 0.103653 0.1063 
7-8 983 0.112215 0.0982 
8-9 799 0.09121 0.0863 
9-10 677 0.077283 0.0724 
10-11 439 0.050114 0.0582 
11-12 395 0.045091 0.0449 
12-13 286 0.032648 0.0333 
13-14 219 0.025 0.0238 
14-25 687 0.078425 0 
 
The capacity factor indicated that, capacity of 3 MW based wind DG is needed to be integrated into 
the existing distribution at the refinery to ensure the sufficient load demand. The number of the 
required wind units are determined by using equation (5.15), and found to be two units with the 
capacity of 1.5 MW each.  
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5.5.2 Optimal Placement of (DG) 
In order to investigate the optimal placement of DG, voltage index is calculated at every bus 
considering load uncertainty conditions. The best location of DG will give a highest voltage index. 
The voltage index parameters are obtained by using (5.16) (5.17) and presented in the Table 5.5. 
The variation of voltage index with respect to DG location is shown in Figure 5.7.   The voltage 
index has been calculated for optimal allocation of DG. 
Table 5.5: the voltage index values when DGs are installed at load buses 
  
Bus nu V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 Vindex 
4 0.9573 0.9428 0.9697 0.9846 0.9881 0.9775 0.9748 0.9789 0.9844 0.9743 1.5265 
7 0.9712 0.9835 0.9845 0.9864 0.9883 0.9870 0.9849 0.9884 0.9898 0.9849 1.5136 
9 0.8818 0.8765 0.9131 0.9198 0.9313 0.9371 0.9192 0.9480 0.9527 0.9197 1.5818 
12 0.8726 0.8658 0.8877 0.9346 0.9493 0.9029 0.8970 0.9063 0.9259 0.8972 1.6300 
14 0.7582 0.7498 0.7776 0.8297 0.9523 0.7980 0.7909 0.8041 0.8326 0.7917 1.6665 
17 0.8303 0.8236 0.8612 0.8767 0.8923 0.9174 0.8683 0.9014 0.9126 0.8688 1.6266 
19 0.8243 0.8172 0.8519 0.8761 0.8987 0.8777 0.9299 0.8902 0.9117 0.8661 1.6134 
21 0.7988 0.7915 0.8337 0.8471 0.8645 0.8642 0.8422 0.9068 0.9095 0.8517 1.6705 
24 0.7055 0.6961 0.7410 0.7701 0.7961 0.7739 0.7583 0.8056 0.9237 0.8185 1.7240 






It is clear that in the case of DG installed in the bus 24, it gives the highest voltage index value. 
This is indicating that bus 24 is the optimum location to install DG.  
 
Figure 5.7: variation of voltage index when DG are installed at load buses  
5.5.3 The Steady State System Performance after DG Installation     
 A modified system with DG units installed on bus 24 considering the optimum location with DG 
sizing of 3 MW and a new transmission lines is simulated.  
Figure 5.8: Modified Systems with DG 
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PowerWorld and Matlab have been used for simulation purpose as shown in Figure 5.8.Load flow 
analysis has applied by using Newton Raphson method considering uncertainty load conditions. 
The load flow results obtained after the simulation in the extreme cases (load imbalance) are 
illustrated in the plots of the Figure 5.9. Moreover, they are listed in the Appendices. The results 
prove the efficiency of the methodology that proposed in this study.  Also the system becomes 
stable if the DG is installed at the location defend in this study 
 
Figure 5.9: p.u voltage at all buses with DG integrated in the system 
The variation of the voltages for uncertainty load scenarios 1, 2... 10 are clearly shown in the plots 
of Figures: (5.10), (5.11) … (5.20). It can be seen that, the voltage levels at all load buses has 
increased, these buses are saving critical loads; such situations could prove far worse especially 
during peak load conditions. In such scenarios, power is effectively re-routed (DG ON) without 
causing an outage of the critical loads and at the same time, improving the voltage profile at all 
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buses.  It is worth mentioning that wind based DG has improved the voltage profile and mitigated 
the voltage collapse possibility. 
Scenario 1 
 
Figure 5.10: p.u. voltage at all buses when DG is ON and DG is off 
Scenario 2  
 











































Scenario 3  
 
Figure 5.12: p.u. voltage at all buses when DG is ON and DG is off 
Scenario 4 
 














































Figure 5.14: p.u. voltage at all buses when DG is ON and DG is off 
Scenario 6  
 















































Figure 5.16: p.u. voltage at all buses when DG is ON and DG is off 
Scenario 8 
 














































Figure 5.18: p.u. voltage at all buses when DG is ON and DG is off 
Scenario 10 
 











































CONCLUDING REMARKS AND FUTURE WORK 
6.1 Summary 
Al-Zawea refinery power system needs to modernize from traditional configuration to a 
decentralized smart system to mitigate the serious power supply issues facing it. Simulation results 
have highlighted the advantages of integrating distributed generation with the existing distribution 
power system at the refinery. Implementing wind based DG in the existing power system at Al-
Zawea refinery would benefit the refinery in many ways - reliability, availability, efficiency, and 
environmental benefit for overall refinery operations. In this study DG system is implemented with 
renewable energy sources represented by wind turbines with limit capacity of 3 MW to ensure a 
cleaner environment by reducing  𝐶𝑂2 emission. The results are presented four basic parts: 
 Investigation of power fluctuations (unbalanced load) and voltage collapse.   
 Wind speed modeling and analysis. 
 Upgraded system with DG integration and the resulting voltage stability. 
 Contributions of this study and suggestions for future work.       
The system has experienced power fluctuation, blackouts and imbalanced loads. Analysis of load 
data indicated that the fluctuations always occur during peak times due to load imbalance, leading 
to voltage collapse and gas turbine trips two to three times a year.
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In this study, wind and load modelling are discussed. A probabilistic method of wind based DG 
allocation under load uncertainty conditions is proposed. This study also considered optimal 
placement and sizing of distributed generation to maintain system imbalance. The main aims of 
DG integration at Al-Zawea refinery power system are to keep the load in balance, improve voltage 
profile and overall system operation, and enhance system reliability and power quality. Random 
behaviour of the wind speed was modelled using Ralyeigh distribution. Analysis of wind speed 
data indicated that wind energy conversation systems can have a good capacity factor for use as 
DG.  
Integration of DG will improve the overall system in terms operation, efficiency and reliability. 
DG integration results in a good voltage profile to maintain load balance and system stability. .     
6.1.4 Contributions of this Work 
 Analysis of the site’s wind speed data indicated that wind-based DG can provide 
sufficient power to the Al-Zawea refinery and also to the city in Libya.    
 The proposed system guarantees no voltage collapse under any load conditions. It was 
found that, the voltage profile of all buses in the system during extreme scenario stays 
within acceptable limits.  
 The proposed approach guarantees optimum allocation of the DG units under all 
possible operating conditions. 
  
6.2 Future Work  
The approach developed to assets the benefits of DG unit wind-electric system can be expanded to 
include photovoltaic and other forms of DG. Advantage gained by exploring both wind and solar 
system together could be studied in detailed. 
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Economic aspects of employing DG should be studied in depth. This should include a cost benefit 
analysis under different scenarios over the lifetimes of DG units with credit given to environmental 
benefits of using renewable energy resources.    
In addition to voltage profile improvement and avoidance of blackouts, several other benefits would 
result in a smart-grid scenario. This would include economic dispatch, Var support, power quality 
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Load Records  
Load Records 
Load Name Status MW Mvar MVA 
Bus 4 Closed 0.5 0.1 0.5 
Bus 7 Closed 0.27 0.05 0.27 
Bus 9 Closed 0.15 0.03 0.15 
Bus 12 Closed 0.7 0.14 0.71 
Bus 14 Closed 0.6 0.121 0.61 
Bus 17 Closed 0.3 0.06 0.3 
Bus 19 Closed 0.13 0.02 0.13 
Bus 21 Closed 0.45 0.09 0.46 
Bus 24 Closed 0.36 0.07 0.37 






CURRENT DISTRIBUTION SYSTEM  
Bus No Norm  
(kV) 










1 0.38 1.00000 0.380 0.00 0.00 3.67 0.02 
2 6.60 0.99997 6.600 -0.19 0.00 0.00 0.00 
3 6.60 0.99997 6.600 -0.23 0.00 0.00 0.00 
4 6.60 0.99997 6.600 -0.24 0.45 0.00 0.00 
5 6.60 0.99998 6.600 -0.26 0.00 0.00 0.00 
6 6.60 0.99997 6.600 -0.28 0.00 0.00 0.00 
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18 0.98173 6.600 0 0 
19 0.99768 6.600 0.07 0.36 
20 0.96616 6.600 0 0 
21 0.95349 0.380 0.09 0.45 
22 0.95484 0.380 0 0 
23 0.96325 6.600 0 0 
24 0.97325 6.600 0.02 0.13 
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1  1.05000 0.380 0 0 
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4 0.95807 6.600 0.02 0.13 
5 1.01000 6.600 0 0 
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3 0.97322 6.600 0 0 
4 0.95760 6.600 0.09 0.45 
5 1.01000 6.600 0 0 
6 0.97072 6.600 0 0 
7 0.98284 0.380 0.02 0.13 
8 0.99000 6.600 0 0 
9 0.95034 6.600 0.06 0.30 
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11 1.01000 0.380 0 0 
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21 0.95807 0.380 0.14 0.70 
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2 1.03000 1.04000 6.600 0 0 
3 0.96237 1.00861 6.600 0 0 
4 0.94544 0.99895 6.600 0.07 0.36 
5 1.01000 0.91644 6.600 0 0 
6 0.95071 0.93645 6.600 0 0 
7 0.96679 1.01000 0.380 0.09 0.45 
8 0.98000 1.04000 6.600 0 0 
9 0.86175 0.95744 6.600 0.02 0.13 
10 0.82661 0.99019 0.380 0 0 
11 1 0.97786 0.380 0 0 
12 0.89372 1.01000 6.600 0.06 0.30 
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14 0.82238 1.01000 0.380 0.12 0.60 
15 0.84093 1.04000 6.600 0 0 
16 0.85186 0.95744 0.380 0 0 
17 0.81431 0.94189 6.600 0.10 0.50 
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